Abstract: High precision position control and high speed control of the robot manipulators are fundamental and important control problems. The effectiveness of finite-time P-PI control was confirmed by end-effector position control of robot manipulators. However, parameter tuning method has not been proposed to finite-time P-PI control. In this paper, we propose a settling time design method and a parameter tuning method for the finite-time P-PI control. The effectiveness of the proposed parameter tuning method is confirmed by experiments of end-effector position control of a robot manipulator.
Introduction
High precision position control and high speed control of robot manipulators are fundamental and important control problems. P-PI cascade control is commonly used for robot manipulator control [1] .
In recent years, nonlinear finite-time control [2] that guarantees convergence to a desired state within finite-time attracts much attention in nonlinear control theory [3] [4] [5] [6] [7] [8] [9] . In particular, superior control performance of finite-time P-PI control was confirmed by end-effector position control of robot manipulators [10] . However, a parameter tuning method has not been developed to the finite-time P-PI control.
In this paper, we propose a settling time design method for the finite-time P-PI control based on Refs. [9] and [11] . Then, we confirm the effectiveness of the proposed method for settling time design by computer simulation.
Moreover we extend our proposed method to parameter tuning. The effectiveness of the proposed parameter tuning method is confirmed by experiments of end-effector position control of a robot manipulator. .
Nakamura's Settling Time Design Method [9]
In this subsection we consider the following chain integrator system:
where is a state, is an input, matrices and are defined as follows:
For system (7), Nakamura et al. [9] proposed the following nonlinear settling time design method: 
.
2.3 Finite-Time P-PI Control [10] In this subsection, we introduce finite-time P-PI control. We consider the following linear control system:
2 ,
where , is a state, is an input, b is a known and θ is an unknown constants. Theorem 1: Consider the following finite-time P-PI controller for system (14)-(15):
where denotes velocity error, 1 
Settling Time Design for Finite-time P-PI Control
In this section, we propose a finite-time P-PI controller that guarantees the desired settling time.
We propose a settling time design method for the finite-time P-PI controller for linear control system (14)-(15) and then we propose a parameter tuning method based on the proposed settling time design method for the finite-time P-PI controller.
Problem Statement
In this subsection, we show the problem statement to be discussed in this paper.
Consider system (14)- (15) Note that the approach is heavily dependent on the initial state 0
x . This implies that we can design the settling time of the finite-time controlled system in the limited manner.
Finite-Time P-PI Control of Linear Control System
In this subsection, we propose a finite-time P-PI controller that guarantees the desired settling time for linear control system (14)-(15) in the following main theorem of the paper. 
To prove Theorem 2 we prepare the following three lemmas.
Lemma 1: Assume that for controller (18)- (19) the settling time for the initial state 0
Consider the following coordinates transformation
is a constant and t is actual time.
Then for an initial state 0
Proof. We consider system (14)-(15) and the finite-time P-PI controller (16)-(17). The close-loop system is obtained as follows:
where 3 x is defined as follows: obtain the close-loop system as follows: This completes the proof. Lemma 2. Suppose that assumptions in Lemma 1 are satisfied. Assume that for system (14)- (15) controller (18)- (19) 
The controller (18) This implies that in this case the initial state is transformed into the same state by coordinates transformation ϕ . 
Parameter Tuning Method
In this subsection, we propose a parameter tuning method by using the proposed settling time design method for finite-time P-PI control.
We replace the controller (18)-(19) of
Then, we obtain the following a new finite-time controller (34)-(35) for system (14)-(15). 
Computer Simulation
In this paper, we proposed the controller that guarantees the desired settling time in Theorem 2. To ensure the basic idea of the proposed method, we consider a settling-time design problem for a simple second-order linear system.
We consider the following linear control system. Though the input by Eqs. (41)- (43) is much bigger than the original one, we can permit that the state is settled at the origin at T = 1.50 s.
We confirmed that our proposed method can achieve the desired settling time. 
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Application to Robot Manipulator
In this section, we apply our proposed method to a position control of a robot manipulator. [10] In this subsection we consider a serial n-link robot manipulator modeled by the following equation: 
n-link Robot Manipulator System
where : denotes a forward kinematics. In this paper, we consider a control problem of end-effector position q to constant desired position
In this paper, we assume that the matrix
is non-singular for all q in the domain of interest.
Finite-Time P-PI Control for n-link Robot Manipulator
In this subsection, we extend our proposed method to end-effector position control of the n-link robot manipulator.
We propose the following inverse Jacobian based on nonlinear controller for position control of the robot manipulator system (44) [10] .
Experiments
In this section we show experimental environments and results of end-effector position control by using the proposed method for a 3-DOF robot manipulator.
Experimental Facility
We implement the proposed controller on a robot manipulator PA-10 produced by Mitsubishi Heavy Industries, Ltd (MHI). We use three joints of PA-10 as illustrated in Fig. 3 
Experiment of Proposed Finite-Time P-PI Control
In this subsection, we show experimental results of end-effector position control of the robot manipulator by using our parameter tuning method to the finite-time P-PI controller.
In 
Experiment of Conventional P-PI Control
In this subsection, we show experimental results of end-effector position control of the robot manipulator by conventional P-PI control. According to Table 4 , the conventional P-PI control can perform 4.6 μm in mean error and 5.8 μm in standard deviation. Fig. 13 illustrates the standard deviations. We can confirm that the standard deviation is improved by changing 0 k . This confirms effectiveness of our proposed parameter tuning method. In particular, we can see that the accuracy of the x-axis is greatly improved when we choose 0 0.975 k = . Table 5 illustrates the result of settling times. Because 0 k s are close to 1 in all cases, the settling times are not changed so much. We can see that the settling times of the finite-time control are smaller than the conventional method, in all cases. On the contrary, mean error has been greatly improved. 
Discussion
Conclusions
In this paper, we proposed a settling time design method for finite-time P-PI control. The proposed method can design the desired settling time and the effectiveness is confirmed by computer simulation.
For end-effector position control of the robot manipulator, our proposed method can improve accuracy of the end-effector position.
This paper does not discuss tracking control problem. This remains future work.
